Serotonin (5-HT) uptake by bovine pulmonary artery endothelial cells in culture was stimulated several fold by exposure of cells for 24 hours to 0-3% O 2 . The cells appeared normal morphologically, excluded trypan blue dye, showed normal levels of release of lactate dehydrogenase, and contained normal amounts of adenosine triphosphate (ATP). Incubation of cells with iodoacetate (3-5 fiM), an inhibitor of glycolytic metabolism, prevented the stimulation of 5-HT uptake but did not impair cellular proliferation. A similar, but less pronounced, effect was produced by 1 mM deoxyglucose. On the other hand, the mitochondria! inhibitors antimycin A, sodium azide, potassium cyanide, and 2,4dinitrophenol inhibited cellular replication similar to the effect of anoxia but did not alter the stimulation of 5-HT uptake. 5-HT uptake correlated strongly with lactate production by the cells exposed to anoxia (r = 0.98). We conclude that stimulation of 5-HT uptake by prolonged exposure of the endothelial cell to hypoxia/anoxia causes alteration of a membrane function (serotonin transport) of the endothelial cell. This alteration is associated with enhanced glycolytic activity of the cell during exposure to hypoxia. The mechanism for translation of enhanced glycolysls to later stimulation of 5-HT uptake remains to be determined. Endothelial cellular replication is dependent on aerobic metabolism. (Circulation Research 1987;60:653-658) 
I n previous work, u we have found that exposure of bovine pulmonary artery endothelial cells to 3% hypoxia for 24-48 hours stimulates their high affinity uptake of serotonin . This was an unexpected finding since it was anticipated that this energydependent process would be impaired by low oxygen tension. In addition to the stimulation of 5-HT uptake, it was observed that the cells grew normally at 3% O 2 and did not show evidence of morphological damage or permeability changes. 2 Furthermore, adenosine triphosphate (ATP) concentration was unchanged in the presence of 3% O 2 . Taken collectively, these data indicate that the endothelium tolerates exposure to hypoxia very well and that enhanced 5-HT uptake following exposure to hypoxia may be related to altered glycolytic metabolism during exposure. In fact, it has been demonstrated by Hance et al 3 that glycolytic enzymes are markedly stimulated when endothelial cells are exposed to low oxygen tension. The present studies were undertaken to examine more closely the influence of inhibitors of glycolysis and mitochondrial oxidative metabolism on the stimulation of 5-HT uptake by exposure of cells to hypoxia. During the preliminary studies for this evaluation, it was found that exposure 654 Circulation Research Vol 60, No 5, May 1987 for obtaining cells gave similar experimental results. The data to be presented in these studies were obtained with collagenase harvested cells. Once it was established that results were qualitatively the same for primary and second to fifth passaged cells, passaged cells were used for convenience. Cells were characterized as endothelial cells by morphological examination and demonstration of the presence of surface angiotensin-1 converting enzyme and factor VIII by immunofluorescence. 5 
Exposure of Cells to Oxygen
Endothelial cells at apparent confluence (0.8-1.0 X 10 6 cells/35-mm dish) were placed in humidified airtight incubation chambers (Billups-Rothenberg, Inc., Del Mar, Calif.), and were gassed with 0%, 3%, or 20% O 2 , 5% CO 2 , with the balance N 2 . The chambers were maintained in a New Brunswick incubator for 24-72 hours and were regassed every 24 hours. Oxygen tensions in the chambers and medium were checked with a 165 pH/Blood Gas Meter (Corning, Medford, Mass.). For 3% O 2 exposure, O 2 tension in the chamber did not increase above 3.5% after 24 hours; for 0% O 2 exposure O 2 tension did not increase above 0.5%. Oxygen tension in the medium closely paralleled that in the gas phase.
Treatment of Cells
Cells were incubated with metabolic inhibitors during the entire period of exposure to 20% O 2 or anoxia. Iodoacetate (1-5 /xM) or deoxyglucose (0.1-1 mM) were used as inhibitors of glycolysis. Antimycin A (0.01 mM), sodium azide (1 mM), potassium cyanide (1 mM), and 2,4-dinitrophenol (0.1 mM) were used as inhibitors of oxidative metabolism. Higher concentrations of all inhibitors resulted in cellular detachment.
Measurement of Serotonin Uptake
Following exposure of cells to various oxygen tensions, all further procedures for serotonin uptake measurements were carried out in room air. The monolayer was rinsed twice with PBS containing 15 mM dextrose (pH 7.4) and incubated in this solution containing 0.1 mM iproniazid for 30 minutes prior to addition of 3 H-5-HT. 3 H-5-HT was added from a stock solution containing 10 fig/ml ascorbic acid and 10 /ig/ml ethylenediaminetetraacetic acid (EDTA) as antioxidants. Serotonin concentration was adjusted by adding unlabelled 5-HT and studies in these experiments were carried out at a final 5-HT medium concentration of 0.5 /xM. The timed uptake of 5-HT was found to be linear for 30 minutes incubation, and this period of time was used for uptake assays. Following incubation, medium was removed and monolayers were washed 3 times with ice-cold PBS plus 15 mM dextrose. Endothelial cells were scraped off the dishes and suspended in 1 ml of 0.02 M potassium phosphate buffer (pH 8.3) by sonication. A 0.5-ml aliquot was dissolved in 10 ml Aquasol II, and the radioactivity was counted in a Beckman LS 7500 Scintillation Counter. Cell counts were determined from triplicate dishes run in parallel to and under the same conditions as those used for uptake determinations. For assessment of viability, cells were removed with 0.1% trypsin, stained with trypan blue, and counted with a hemocytometer. Cell number and the percentage of viable cells were recorded. Uptake of serotonin is expressed as pmoles per 10 6 cells.
Lactic Acid Measurement
Lactate in the incubation medium collected immediately after the period of exposure to 20% O 2 or anoxia was measured by spectrophotometric analysis of NAD reduction. 6 The concentration present in medium from fetal calf serum (representing approximately 30-40% of the total lactate in the 20% O 2 control dish) was subtracted, and the concentration in medium released by cells was expressed in mmoles/L/10 6 cells.
ATP Measurement
Following exposures, endothelial cell monolayers were rinsed 3 times with cold PBS (pH 7.4) and scraped with a sterile rubber policeman into 1 ml of cold 0.04 M Tris-borate buffer (pH 9.2). To release ATP the cell suspension was placed immediately into a boiling water bath for 5 minutes and then cooled on ice. 7 Centrifugation was done at 10,000 rpm for 10 minutes at 4° C. ATP was measured in an aliquot of the supernatant fluid by adding Lumit PM, purified luciferin-luciferase, to the sample and counting integrated photoemission for 10 seconds on a Lumac Biocounter M 2010 (Lumac Systems, Inc., Titusville, Fla.). To assess stability of ATP during the isolation procedure, experiments were carried out in which ATP at known concentration was added to the cell suspension prior to extraction of cells for ATP; recovery by this method was 99%.
Results

Effect of HypoxialAnoxia on Endothelial Cell Proliferation and 5-HT Uptake
Although cells appeared to be confluent by visual observation, they continued to proliferate in 20% O 2 for at least 48 hours ( Figure 1 ). Similar to previously reported data, 2 endothelial cells exposed to 3% O 2 showed slightly less proliferation than those exposed to 20% O 2 . In contrast, cells exposed to anoxia did not proliferate during the 72-hour observation period. There was no evidence of damage to cells exposed to anoxia or hypoxia for 24 hours as compared to those exposed to 20% O 2 by phase contrast morphology. Similarly, > 95% of the cells excluded trypan blue for both anoxia and 3% O 2 -exposed cells as well as for those exposed to 20% O 2 . Serotonin uptake was increased in cells exposed to 3% O 2 , but a more marked stimulation of uptake occurred for cells previously exposed to anoxia, and the stimulation increased for periods of exposure up to 72 hours ( Figure 2 ). Although 5-HT uptake assays were carried out under room air conditions for experiments reported here, a similar stimulation of 5-HT uptake was observed when both the exposure and assay were done under anoxic condi- tions. Serotonin uptake was not influenced by O 2 concentration during the first 3 hours of exposure, but a significant increase did occur in cells exposed to anoxia by 5 hours of exposure, and the stimulation increased further thereafter ( Figure 3 ).
Effect of Metabolic Inhibitors on Cell Proliferation
The mitochondrial inhibitors antimycin A (0.01 mM), sodium azide (1 mM), potassium cyanide (1 mM), and 2,4-dinitrophenol (0.1 mM) all equally inhibited cell division, similar to the effect of anoxia ( Table 1) . Proliferation of endothelial cells maintained in 20% O 2 was not significantly affected by 1 mM deoxyglucose or 3-5 fjM iodoacetate (Table 1) . On the other hand, cell division was impaired by anoxia and deoxyglucose or iodoacetate had no additional influence.
Effect of Metabolic Inhibitors on 5-HT Uptake
Potassium cyanide, sodium azide, and 2,4-dinitrophenol all produced moderate stimulation of 5-HT up- take in cells exposed to 20% O 2 , but the stimulation was considerably less than that obtained with anoxia, and these inhibitors did not influence the uptake of 5-HT obtained with anoxia (Table 1) . In contrast to the mitochondrial inhibitors, iodoacetate and deoxyglucose significantly decreased the stimulation in 5-HT uptake caused by anoxia (Table 1) . Iodoacetate at a concentration of 5 /xM decreased the stimulation almost to levels of uptake obtained with cells exposed to 20% O 2 (Figure 4 ). These inhibitors of glycolysis also produced a small but significant inhibition of 5-HT uptake in the presence of 20% O 2 .
Lactate Release by Endothelial Cells
Measurement of lactate in the incubation medium showed that endothelial cells in 20% O 2 released a relatively small amount of lactate, although the amount of lactate was somewhat variable from one experiment to another (Table 1 ). Lactate concentration always increased several times when cells were maintained in anoxia. Antimycin A (0.01 mM), sodium azide (1 mM), potassium cyanide (1 mM), and 2,4dinitrophenol (0.1 mM) stimulated lactate formation under 20% O 2 conditions but failed to alter lactate produced under anoxic conditions. Iodoacetate and deoxyglucose reduced lactate release concurrent with reduction in the stimulation of 5-HT uptake resulting from anoxia but slightly stimulated lactate release when cells were incubated in 20% O 2 Lactate release and 5-HT uptake correlated closely for cells and media from the same dishes under anoxic conditions in the presence and absence of various glycolytic inhibitors ( Figure 5) . To assess the possible influence of lactate itself on 5-HT uptake, crossover experiments were done in which medium containing high concentrations of lactate from anoxia-exposed cells (24 hours) was incubated with cells cultured under 20% O 2 conditions for an additional 24 hours. These experiments showed there was no stimulation of 
Cellular ATP Concentrations
ATP was measured in endothelial cells exposed to anoxia or 20% O 2 and incubated with or without metabolic inhibitors for 24 hours (Table 1) Discussion Endothelial cells in culture appear to be remarkably healthy when exposed for prolonged periods of time to hypoxia or anoxia. They show no morphological evidence of cellular injury, are able to exclude trypan blue dye, and do not release elevated amounts of lactate dehydrogenase, all indicating intact membrane integrity. The most obvious effect of exposure to anoxia is impairment in cell division, which is also observed when cells are treated with antimycin A, sodium azide, potassium cyanide, or2,4-dinitrophenol. Thus, proliferation of endothelial cells appears to be strongly influenced by energy derived from mitochondrial metabolism.
The current studies with the use of metabolic inhibitors of glycolysis or oxidative metabolism provide support for a concept that stimulation of 5-HT uptake by the endothelium previously exposed to hypoxia or anoxia is dependent on an intact glycolytic pathway and is probably coupled to glycolytic activity. Iodoacetate at a concentration of 3-5 /xM and 1 mM deoxyglucose inhibited both the increased lactate release and anoxiastimulated 5-HT uptake by the endothelial cells. Antimycin A, sodium azide, potassium cyanide, and 2,4dinitrophenol, all inhibitors of oxidati ve metabolism, showed no effect on the stimulated 5-HT uptake produced by exposure to anoxia.
It may have been anticipated that inhibitors of mitochondrial metabolism would also stimulate 5-HT uptake in cells exposed to 20% O 2 . Although 5-HT uptake was elevated in the presence of antimycin A, potassium cyanide, sodium azide, and 2,4-dinitrophenol, the effect was not nearly as much as that obtained by anoxia despite a similar amount of lactate release by the cells. We do not at present have an adequate explanation for these observations, but lower availability of O 2 may produce more pronounced or different cellular biochemical events from those obtained with mitochondrial electron transport inhibition or uncoupling of electron transport and oxidative phosphorylation. The presence of lactate alone did not appear to be a factor in stimulation of 5-HT uptake since 1) equally high medium lactate resulted in less stimulation of 5-HT uptake in the presence of inhibitors of Lactate Release (mmoles/L/10* cells) oxidative metabolism than with anoxia and 2) crossover experiments where medium of anoxia-exposed cells was added to 20% O 2 -exposed cells did not result in stimulation of 5-HT uptake. The release of lactate by cells in culture, an indicator of glycolytic metabolism, showed a good correlation with 5-HT uptake under anaerobic conditions in the presence or absence of glycolytic inhibitors. This relation was less clear under aerobic conditions. Iodoacetate at 3-5 fiM concentration did inhibit 5-HT uptake under aerobic conditions, but there was poor correlation between 5-HT uptake and lactate release (S.-L. Lee and B.L. Fanburg, unpublished data). In fact, under room air (20% O 2 ) iodoacetate appeared to stimulate lactate release (Table 1 ). It is possible that lactate release by the cells into medium does not accurately reflect lactate production except under conditions where it is highly stimulated, such as with anoxia/hypoxia or in the presence of metabolic inhibitors. Also, the lack of correlation between lactic acid release and 5-HT uptake in endothelial cells maintained in 20% oxygen may represent different intracellular compartments of lactate or different efflux rates. Inhibition of 5-HT uptake by both glycolytic and mitochondrial inhibitors under aerobic conditions has been reported previously for both endothelial cells in culture 89 and isolated perfused lung, 10 but we did not observe this effect with prolonged exposures of cells to metabolic inhibitors. It should be kept in mind that the design of our experiments with prolonged incubations may result in differences from those with short-term exposures and concurrent 5-HT uptake.
Levels of cellular ATP remained intact, at least for the intervals studied, when cells were exposed to hypoxia/anoxia or treated with mitochondrial inhibitors. This observation is consistent with previously reported data showing elevation' in the content of glycolytic enzymes, such as pyruvate kinase and phosphofructokinase, when endothelial or mammalian cells are chronically exposed to hypoxia."" 14 Thus, it appears that cellular levels of ATP are maintained by stimulation of the glycolytic pathway in the presence of hypoxia/anoxia or with blockage of aerobic metabolism with mitochondrial inhibitors. Levels of ATP fall when glycolysis is inhibited by iodoacetate in the presence of anoxia, a condition that would be expected to block both pathways for production of high energy phosphates.
We considered the possibility that inhibition of cellular proliferation by anoxia may result in less compacted confluent cells and, therefore, more cellular surface area for uptake of 5-HT than is present in cells exposed to 20% O 2 . This explanation for stimulation of 5-HT uptake by hypoxia/anoxia seems unlikely since 1) cell division is not significantly impaired at 3% O 2 where 5-HT uptake is also stimulated; and 2) impairment of cell division is similar to that with anoxia by the mitochondrial inhibitors, but there is little stimulation of 5-HT uptake under these conditions.
Thus, from these studies it appears that prolonged enhancement of glycolytic activity of the cell stimu-lates a membrane function of the endothelium. Since 5-HT transport is dependent on a membrane receptor protein, the enhanced transport may be due to changes in receptor protein. An elevation in V,^ without a change in K^ for 5-HT uptake produced by anoxia (Lee and Fanburg, unpublished data) suggests that an elevation in binding sites may occur. We are currently exploring the possibility that hypoxia/anoxia may stimulate the synthesis of 5-HT binding protein.
It remains to be determined whether effects similar to those we have observed with endothelial cells in culture may occur with more intact organ systems in vivo. If so, the process would likely occur with chronic, as opposed to acute, exposure to hypoxia. There is evidence that accumulation of amines by the rat lung is enhanced with exposure of animals to chronic hypoxia. 15 Endothelial cells may encounter very low oxygen tensions in vivo. The pulmonary circulation is exposed to oxygen tensions as low as 15-20 Torr depending on barometric conditions. Endothelial cells of coronary veins encounter Po? levels as low as 15 Torr, and the Pc^ in venous return from skeletal muscle may decrease to zero during maximum exercise. 1617 
